Sukumaran S, Jusko WJ, DuBois DC, Almon RR. Light-dark oscillations in the lung transcriptome: implications for lung homeostasis, repair, metabolism, disease, and drug action.
MANY BEHAVIORAL, PHYSIOLOGICAL, cellular, and molecular processes exhibit 24-h cyclic variations, often cued by the lightdark cycle. Daily cyclic processes are directly or indirectly controlled by the circadian clock, an internal time-keeping system that has evolved in order for the organism to adapt by efficiently anticipating and responding to changes, thereby maximizing survival of the organism. Circadian rhythms are 24-h variations in any process in an organism controlled by an endogenous clock (44, 68) . These rhythms exist even without an external stimulus but are entrained and synchronized to environmental factors, such as the presence or absence of light and food availability. In mammals, the central or master clock is present in the paired suprachiasmatic nuclei in the anterior part of the hypothalamus and receives direct input through the retinohypothalamic tract, which synchronizes the endogenous clock to the environmental light-dark cycle (13, 44) . The peripheral clocks are the circadian oscillators in other parts of the brain and other tissues and are, at least in part, controlled, coordinated, and synchronized by the central clock (5, 58) .
It is accepted that the molecular mechanism controlling the central clock entails a transcriptional and translational autoregulatory feedback loop involving molecular clock proteins. The Per-Arnt/AhR-Sim (PAS)-basic helix-loop-helix (bHLH) transcription factor brain and muscle Arnt-like protein 1 (BMAL1) heterodimerizes with CLOCK or neuronal PAS domain protein 2 (NPAS2) and drives the expression of Per and Cry genes by binding to the E-box element present in the promoter of these genes (14, 37) . The Per and Cry transcription factors, in turn, negatively feed back on the transcriptional activity of the BMAL1:CLOCK/BMAL1:NPAS2 complex. Apart from these core clock transcription factors, other transcription factors, including REV-ERBs (NR1Ds), retinoic acid-related orphan receptors (RORs), PAR b-ZIP, and class B bHLHs (bHLHBs; DECs), are also involved in regulating various aspects of the molecular clock and the circadian oscillations in the expression of the transcriptome (18, 25, 43) .
Apart from breathing and respiration, lung plays an important role in many other processes, including the innate immune response against airborne foreign materials and pathogens and metabolism of endogenous and exogenous compounds, and also as a paraendocrine organ producing a wide variety of signaling molecules, including growth factors and cytokines (6, 17, 23, 45) . Owing to the structural complexity of the organ, lung is made up of various cell types, including type 1 and type 2 pneumocytes, Clara cells, immune cells (predominantly alveolar macrophages, mast cells, and dendritic cells), fibroblasts, airway smooth muscle cells, vasculature, and nerve cells (7) . In addition to these cellular components, lung interstitium is made up of extracellular matrix components that not only provide a structural support and physical barrier but are also involved in determining cell growth, morphology, migration, and functions (15) . All these cellular and extracellular components continuously interact to allow a dynamic regulation of various functions, and any disruption of these interactions can lead to disease. Some common lung pathologies, including asthma, chronic obstructive pulmonary disorder (COPD), acute lung injury (ALI), pulmonary hypertension, and cancer, involve disruption of the balance between the above-mentioned components by foreign materials, impaired immune activation, impaired cell cycle regulation, or other factors.
The nature of the processes carried out by lung and the expression of a large number of genes that regulate these processes suggest that many of these genes may be under direct or indirect control of circadian oscillators for the efficient functioning of the organ. Furthermore, disruption of this regulation could be a cause or an effect of lung pathologies. In addition, some symptoms of these pathologies also show rhythmic variations across the light-dark cycle that could be related to variations in the processes carried out by the organ (58) . For example, it is a common observation that the symptoms of asthma, including shortness of breath, wheezing, and chest tightness, worsen during the late inactive period (late night in humans) (51, 58) . In this study, we use Affymetrix gene chips to characterize the diurnal-nocturnal oscillations in gene expression in lungs of Wistar rats to understand the role of circadian oscillators in coordinating and controlling the functioning of lung. We also compared the data with data from our previous studies, where we characterized the 24-h cyclic oscillation in gene expression from liver, skeletal muscle, and white adipose tissue from this same set of animals, along with relevant physiological parameters, to understand the tissuespecific functions and variation in the circadian oscillators between these peripheral tissues (2, 3, 59) .
MATERIALS AND METHODS
Animals. An extensive description of the animal experiment can be found in our previously published reports (2, 59) . Our research protocol adhered to the "Principles of Laboratory Animal Care" (National Institutes of Health Publication 85-23, revised 1985) and were approved by the State University of New York at Buffalo Institutional Animal Care and Use Committee. Briefly, 54 normal male Wistar rats purchased in 2 batches of 27 animals each from Harlan Laboratories (Indianapolis, IN) were allowed to acclimatize in a constant-temperature environment (22°C) and a 12:12-h light-dark cycle with free access to standard rat chow and drinking water. Animals were anesthetized with a mixture of ketamine and xylazine (80 and 10 mg/kg, respectively) and killed by exsanguination on 3 successive days at 0.25, 1, 2, 4, 6, 8, 10, 11, and 11.75 h after lights on for time points in the light period and at 12.25, 13, 14, 16, 18, 20, 22, 23, and 23 .75 h after lights on for time points in the dark period. Time points were designed with extra equal weight given to light-dark transition periods, as it is likely that more dynamic changes would occur during such transitions. Animals killed at the same time on the 3 successive days were treated as triplicate measurements. Blood was drawn from the abdominal aortic arteries into syringes that contained EDTA (4 mM final concentration) as anticoagulant. Plasma was prepared from blood by centrifugation (2,000 g, 4°C, 15 min), divided into aliquots, and stored at Ϫ80°C. Both lungs, along with trachea, were harvested, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
Microarrays. A mortar and pestle cooled by liquid nitrogen were used to grind whole frozen lung samples into a fine powder, and 100 mg of ground tissue were added to 1 ml of QIAzol lysis reagent (Qiagen Sciences, Germantown, MD). Total RNAs were extracted according to the manufacturer's instructions and were further purified using RNeasy mini columns (RNeasy Mini Kit, Qiagen Sciences). Final RNA preparations were resuspended in RNase-free water and stored at Ϫ80°C. RNAs were quantified spectrophotometrically, and purity and integrity were assessed by agarose gel electrophoresis. All samples used for arrays exhibited 260-nm-to-280-nm absorbance ratios of ϳ2.0, and all showed intact ribosomal 28S and 18S RNA bands in an approximate ratio of 2:1, as visualized by ethidium bromide staining. Isolated RNA from each sample was used to prepare the target according to the manufacturer's protocols. The biotinylated cRNAs were hybridized to 54 individual Affymetrix GeneChips Rat Genome 230_2 (Affymetrix, Santa Clara, CA). The 230_2 chips contain Ͼ31,000 different probe sets. The high reproducibility of in situ synthesis of oligonucleotide chips allows accurate comparison of signals generated by samples hybridized to separate arrays. This data set has been submitted to the Gene Expression Omnibus database (GSE25612).
Data set construction and mining. Affymetrix Microarray Suite 5.0 was used for initial data acquisition and analysis. A distribution of all genes around the 50th percentile was used to normalize the signal intensities for each chip. Animals that were killed at the same time on different days were considered replicate measurements (n ϭ 3) for that time and were used for construction of the time series. In addition, for better visualization and analysis of the data for the light-dark and dark-light transitions, two 24-h cycles were concatenated to form a 48-h time series. A nonlinear least-squares fitting of the replicate data was conducted using MATLAB (Mathworks, Natick, MA), which utilized a regular sinusoidal function [A ϫ sin(B ϫ t ϩ C) ϩ mean], where A, B, and C reflect the amplitude, period, and phase of the oscillations, t represents the circadian time, and mean is the average of intensities across the 48-h time series for the given probe set. Genes that could be curve-fitted with Pearson's correlation (R 2 ) values Ͼ0.75 were kept for further analysis. This particular approach is only viable because of our rich data set. The data set was then loaded into the data-mining program GeneSpring 7.3.1 (Silicon Genetics, Redwood City, CA), where we normalized the value of each probe set on each chip to the median of that probe set on all chips. To identify genes that show similar expression patterns within the light-dark cycle, we used a quality threshold (QT) clustering algorithm in GeneSpring software, with R 2 as the similarity measurement. One limitation of this procedure is that genes that do not follow the conventional sinusoidal pattern in expression but, rather, show a different rhythmic pattern will not be identified by this analysis. Another limitation is that such a stringent selection criterion (R 2 Ͼ 0.75) will result in some false negatives, where genes that show a 24-h pattern might be missed.
Functional clustering. Gene accession numbers corresponding to each of the probe sets showing rhythmic oscillations were analyzed using various online tools and databases, including National Center for Biotechnology Information Basic Local Alignment Search Tool and GeneCards to confirm the identity and the annotations of the probe sets provided by Affymetrix and to obtain alternate names and symbols for the genes corresponding to these probe sets. From this information, extensive literature searches were performed to identify the lung-specific functions and other relevant information for these probe sets. The use of currently available pathway analysis tools was avoided, as the databases for these tools are not complete (i.e., they do not represent all the functional genes identified) and do not take into account the tissue-specific physiological functions of the genes.
Quantitative real-time RT-PCR. The quantities of lung glucocorticoid receptor and glutamine synthase mRNA, along with genespecific in vitro-transcribed cRNA standards, were determined by real-time quantitative RT-PCR (qRT-PCR) using TaqMan-based probes. Primer and probe sequences were designed using Primer Express software (Applied Biosystems, Foster City, CA) and customsynthesized by Biosearch Technologies (Novato, CA). The qRT-PCR was performed using Brilliant qRT-PCR Core Reagent Kit, 1-Step (Stratagene, La Jolla, CA) in a Stratagene MX3005P thermocycler according to the manufacturer's instructions. A standard curve was generated using in vitro-transcribed sense cRNA standards. Primer and probe sequences are as follows: 5= AACATGTTAGGTGGGCGT-CAA 3= (forward primer), 5= GGTGTAAGTTTCTCAAGCCTAGTA-TCG 3= (reverse primer), and 5= TGATTGCAGCAGTGAAAT-GGGCAAAG 3= (FAM-labeled probe) for glucocorticoid receptor; 5= CGCCCGCCGTCTGA 3= (forward primer), 5= TCTCCTGGCCGA-CAATCC 3= (reverse primer), and 5= TCCACGAAACCTCCAACAT-CAACGACTTT 3= (FAM-labeled probe) for glutamine synthase. Samples were run in triplicate and standards in duplicate. Additional minus-RT controls were run for each RNA sample analyzed to check for genomic DNA contamination; all controls exhibited lack of amplification in minus-RT controls. Intra-and interassay coefficients of variation were Ͻ15%.
RESULTS

Data mining and QT clustering of the data.
The sinusoidal model applied to the data set identified 1,006 probe sets showing cyclic oscillations that satisfied the selection criterion of R 2 Ͼ 0.75, as described in our previous publication (59) . The values of the parameters of the sine function that were estimated for all 1,006 probe sets are given in Supplemental Table S1 (see Supplemental Material for this article, available online at the Journal website). Parameter B, which is a measure of periodicity of the rhythmic oscillations, was estimated to be ϳ0.260 (2/24) for all these probe sets, which further confirms that the oscillations follow a circadian pattern. The richness of the time-series data set allowed us to apply a QT algorithm to cluster the probe sets based on similarities in the expression patterns within the light-dark cycle. This procedure yielded eight distinct temporal clusters, with the probe sets in each of these clusters showing R 2 Ն 0.75 with the centroid curve of its assigned cluster. As shown in Fig. 1 and Table 1 , 50 probe sets (5%) peaked during the dark-light transition (cluster 1). What is very interesting and strikingly different from the other peripheral tissues is that 652 probe sets (65%) peaked during the light period (clusters 2, 3, and 4), which is the inactive and nonfeeding period in rodents. Twenty-seven probe sets (3%) peaked during the light-dark transition (cluster 5). Two hundred sixty-one probe sets (26%) peaked during the dark period (clusters 6, 7, and 8); of these, 201 probe sets peaked during the very early dark period (cluster 6).
Expression of clock and clock-related genes. All the core clock genes that showed rhythmic oscillations in other peripheral tissues from the same animals also showed similar oscillations in lungs (Fig. 2) . The PAS-bHLH transcription factors Bmal1 (Arntl) and Npas2 showed maximal expression during the early light period, with peaks at zeitgeber time (ZT) 1 and ZT 3. The mRNA expression of Period genes (Per1, Per2, and Per3), which are transcriptionally controlled by the BMAL1: CLOCK/BMAL1:NPAS2 transcription factor complex, peaked during the early dark period, with maxima at ZT 14, ZT 16, and ZT 13, respectively. The expression of the other core clock gene, Cry1, peaked during the late dark period at ZT 20. Consistent with other peripheral tissues, signal intensities for Clock and Cry2 genes were very low, which might have prevented the identification of oscillations in the mRNA expression of these genes.
Many of the clock-related and clock-controlled transcription factors also showed circadian-like oscillations in gene expression in lung (Fig. 3) . The orphan nuclear receptors Nr1d1 (Rev-Erb␣) and Nr1d2 (Rev-Erb␤) peaked during the late light period and the light-dark transition, with peaks at ZT 11 and ZT 12. In contrast to other peripheral tissues from these animals, the nuclear receptor ROR␣ did show circadian-like oscillations in lung, with peak expression during the early dark period at ZT 14. The clock-controlled PAR b-Zip transcription factors, including Dbp, Tef, and Hlf, peaked during the early dark period, with maximum expression at ZT 13 for Dbp and ZT 14 for Tef and Hlf. However, the mRNA expression of Nfil3, which is a repressor of genes containing D-box-binding elements, showed opposite oscillations, with a peak during the dark-light transition at ZT 0 (or ZT 24). Transcription repressor proteins Bhlhb2 and Bhlhb3 (Dec1 and Dec2) peaked during the early dark period at ZT 13. Furthermore, it is interesting to observe ϳ30-and 60-fold differences between the peak and the nadir mRNA expression of Dbp and Nr1d1 in lung. Signal intensities for ROR␤ were very low, which might have prevented the identification of oscillations in its mRNA expression.
Functional clustering of the data. From the data mining and extensive literature searches, functions for 719 probe sets corresponding to 646 genes (as some of the genes contained multiple probe sets) were identified. These genes were further classified into 11 groups on the basis of the physiological and molecular function of the gene (see relevant information in Supplemental Table S2 ). Signal Transduction corresponds to the largest functional group, represented by 132 genes (153 probe sets). These include genes coding for proteins that act as ligands, receptors, or other components in signal transduction cascades involved in a variety of signaling pathways, including pathways involved in growth factor signaling, Wnt and Tgf pathways, angiogenesis, vasoconstriction and vasodilation, cell adhesion and migration, and lung development. Genes Involved in Regulating Transcription and Translation form the second-largest functional group, containing 104 genes (122 probe sets). This group includes genes that act as transcription factors, enhancers, activators, and repressors and genes that are involved in histone and chromatin modification, thereby regulating gene expression. All the core clock, clock-related, and clock-controlled transcription factors are members of this functional group. Genes that are involved in regulating translation are also grouped into this category. Metabolism forms the next-largest functional group, with 65 genes (69 probe sets) that are involved in the metabolism of energy substrates, endogenous compounds, and xenobiotics. Protein Processing contains 58 genes (61 probe sets). This group includes genes that are involved in posttranslational protein modifications, protein folding, protein degradation through ubiquitination, and also the endopeptidases and proteases. As the name suggests, Cell Cycle/Apoptosis consists of 41 genes ( Lung homeostasis and repair. Data mining identified many genes coding for proteins that are involved in regulation, maintenance, and repair of the lung tissues, interstitium, and vasculature that showed oscillations in expression, and most of these genes peak during the light/inactive period. The genes that are directly related to these processes are primarily categorized into the following functional groups: Extracellular Matrix, Cytoskeleton, Protein Processing, Vesicular Transport, and Signal Transduction. Extracellular matrix forms an important part of the lung interstitium and vasculature and is important for maintenance and functioning (15) . Of the 40 genes that are classified as extracellular matrix and associated proteins, 27 are extensively expressed in lung tissue and play an important role not only in maintaining homeostasis and repair but also in remodeling and development of the organ (47). Table 2 provides specific details and the functions of these genes with respect to lung physiology. Genes coding for extracellular matrix components, such as collagen family members (Col13a1 and Col5a1), elastin (Eln), fibulin 5 (Fbln5), fibrillin 1 (Fbn1), and thrombospondin 1 (Thbs1), showed circadian-like oscillations in expression (Table 2 and Fig. 4 ). It is also interesting that all these genes showed maximum expression during the light/ inactive period, with the expression of Col13a1, Col5a1, Eln, and Fbn1 peaking in the middle of the light period (cluster 3), while the expression of Thbs1 peaked during the dark-light transition (cluster 1) and Fbln5 during the late light period (cluster 4). This list also includes the metallopeptidases that are involved in extracellular matrix turnover, including matrix metallopeptidase 14 (Mmp14), A disintegrin and metalloproteinase (ADAM) metallopeptidase 33 (Adam33), ADAM metallopeptidase with thrombospondin motif family members (Adamts1, Adamts4, and Adamts15), and its inhibitors, including tissue inhibitor of metalloproteinase (Timp3 and Timp4). Adamts4, Mmp14, and Adamts15 showed maximal expression during the light period (clusters 2 and 3), while Adamts1, Timp3, and Timp4 expression peaked during the dark period (clusters 6 and 7). Similar to the extracellular matrix, many cytoskeleton proteins, including microtubule-actin cross-linking factor 1 (Macf1), septin 4 (Sept4), vasodilator-stimulated phosphoprotein (Vasp), and keratin (Krt19 and Krt80), also showed circadian-like oscillations in their gene expression, with peak expression during the light period.
Signal Transduction, which forms the largest functional category, contains many genes coding for proteins that play important roles in regulating the processes involved in the maintenance, repair, and remodeling of the organ. Table 3 lists the 18 protein ligands and 25 cell surface receptors that show rhythmic oscillations in expression. This list includes growth factor family proteins, including hepatocyte growth factor (Hgf), platelet-derived growth factor-␣ (Pdgfa), connective tissue growth factor (Ctgf), fibroblast growth factor 1 (Fgf1), c-Fos-induced growth factor (Figf), and receptors for growth factor proteins, including platelet-derived growth factor receptors (Pdgfra and Pdgfrb), fibroblast growth factor receptor 2 (Fgfr2), Fms-related tyrosine kinase 1 (Flt1), and transforming growth factor-␤ receptor 3 (Tgfbr3), all of which showed circadian oscillations, but with peak expressions at different points in the 24-h light-dark cycle (Fig. 5) . Maxima for Hgf, Pdgfa, Fgf1, and Figf occurred in the middle of the light period (cluster 3), while Pdgfra (cluster 1), Pdgfrb (cluster 2), Fgfr2 (cluster 4), and Flt1 (cluster 4) peaked during the dark-light transition, early light period, and late light period, respectively. Tgfbr3 peaked during the early dark period and Ctgf in the middle of the dark period. These growth factors are not only involved in cell growth, cell migration, and remodeling of various components of the organ but are also very important for the morphogenesis and development of the organ (12, 19, 21, 32, 63) . This list also includes other signaling ligands, including adrenomedullin (Adm), angiopoietin 1 (Angpt1), and cardiotrophin 1 (Ctf1), which, in addition to the above-mentioned growth factors, are involved in maintaining the normal functioning of the organ (10, 28, 69). Adm and Ctf1 peaked during the early light period (cluster 2), and Angpt1 peaked during the late light period (cluster 4). Furthermore, most of these proteins are also involved in regulating angiogenesis, which is important in the remodeling of the pulmonary vasculature (34) .
Metabolism and transport of small molecules. The genes that are classified under the functional groups Metabolism and Transport are involved in the production, processing, and degradation of endogenous compounds and the subsequent transport and movement of these compounds between different compartments of the organ. This includes genes involved in metabolism of carbohydrates and lipids, which are not only important energy substrates but are also important in forming structural and functional components of the organ. Circadianlike oscillations in the expression of these genes may help ensure the proper maintenance of homeostasis and efficient functioning of the system. The lung is an important organ that is involved in the metabolism of not only the endogenous compounds but also toxic xenobiotics and therapeutic drugs (6, 17) . Genes that play an important role in the metabolism of xenobiotics, along with the transporters involved, are listed in Table 4 . This list includes genes coding for phase 1 and phase 2 enzymes, which are involved in the functionalization and conjugation of many drugs. Figure 6 shows the cyclic oscillations in the expression of these genes. Cytochrome P-450, family 2, subfamily A, polypeptide 3 (Cyp2a3), flavin-containing monooxygenase 3 (Fmo3), and P-450 (cytochrome) oxidoreductase (Por) expression peaked during the early dark period (cluster 6), the expression of carboxylesterase 1 (Ces1), flavin-containing monooxygenase 2 (Fmo2), glutathione S-transferase-␣ 3 (Gsta3), and sulfotransferase family 1A (Sult1a1) peaked in the middle of the dark period (cluster 7), and the expression of carboxylesterase 3 (Ces3) peaked during the late dark period. In contrast, cytochrome P-450, family 4, subfamily V, polypeptide 2 (Cyp4v3) expression peaked during the early light period (cluster 2). Of the 17 solute carrier family protein coding genes that showed circadian oscillations in expression in lung, 8 are relevant to the transport of therapeutic drugs (Table 4) .
Lung diseases, disorders, microbial infection, and potential drug targets. Another interesting set of genes that showed 24-h cyclic oscillations in expression in lung and are highly relevant to its physiology are the genes that are differentially regulated and/or involved in pathogenesis of many lung diseases and disorders. Several genes that are involved in the sensing, binding, killing, and clearance of pathogenic microbes and viruses also showed such oscillations in expression in lung. Furthermore, many of these genes that are involved in the pathophysiology of lung diseases and disorders are also important drug targets that can be exploited to treat and cure these diseases. Genes associated with lung diseases that showed circadian-like oscillations in expression, along with their related diseases, are listed in Table 5 (for more detailed information about these genes and their role in lung diseases, see Supplemental Table S3 ). These genes are associated with lung diseases and disorders, including asthma, COPD (which includes lung emphysema and chronic bronchitis), ALI, pulmonary hypertension, fibrosis (pulmonary and cystic), pneumonia, endotoxemia, and cancer. Furthermore, genes that are potential therapeutic targets for drugs or the drugs themselves that are used for the treatment of these diseases that are currently in use or in clinical trials or preclinical development are also listed in Table 5 . Figure 7 shows the oscillations in the gene expression of two important drug targets in the treatment of lung diseases. ␤ 2 -Adrenergic receptors (Adrb2) are cell surface receptors that mediate the catecholamine-induced activation of adenylate cyclase and promote bronchodilation (26) . As shown in Fig. 7 and Table 5 , Adrb2 is a member of cluster 6 and showed peak expression during the early dark/active period and reached its nadir during the early light period. The protein encoded by this gene is an important therapeutic target for a class of drugs called ␤ 2 -adrenergic agonists, which are used in the treatment of symptoms of asthma and COPD. Phosphodiesterase 5A (Pde5a) is an enzyme that is highly expressed in lung tissue and is involved in the hydrolysis of cGMP (16) . This gene is a member of cluster 4 and showed circadian-like oscillations in expression, with peak at the late light period and nadir at the late dark period. Inhibition of this gene by compounds such as sildenafil causes an increase in cGMP levels, resulting in dilation of the pulmonary vasculature, and, hence, can be used to treat pulmonary hypertension. There were 271 genes (see Supplemental Table S4 ) showing rhythmic oscillations in expression in lung that are differentially regulated or involved in the pathogenesis of different types of tumors, and some of these are potential therapeutic targets and biomarkers for lung cancer.
Confirmation of array data for glutamine synthase and glucocorticoid receptor circadian-like expression by quantitative PCR.
Oscillations in the expression of glucocorticoid receptor and glucocorticoid-regulated glutamine synthase gene expression were probed using qRT-PCR to confirm and validate the data obtained from gene chips. Glucocorticoid receptor is a cytosolic receptor for endogenous and exogenous Continued glucocorticoids and is involved in the transcriptional regulation of a wide range of genes involved in immune and metabolic processes. As shown in Fig. 8 , the peak expression of glucocorticoid receptor mRNA occurred at around ZT 4 in the early light period, and the nadir occurred in the early dark period. Cyclic oscillation in the expression of this receptor in lung is very similar to that in skeletal muscle but is very different from the expression in liver and adipose tissue from the same animals, where the peak expression occurred at the light-dark transition. The expression of glutamine synthase mRNA peaked during the light-dark transition (ZT 12), and the nadir occurred at the dark-light transition. The circadian-like oscillation in glutamine synthase was very similar to the 24-h oscillation in endogenous corticosterone, which also peaked during the light-dark transition (3).
DISCUSSION
In the present study, we describe for the first time the genome-wide analysis of diurnal/nocturnal patterns in mRNA expression from lungs using Affymetrix gene chips, which was validated by qRT-PCR for selected genes. This study was carried out in intact rats acclimated to a tightly controlled 12:12-h light-dark cycle, but with the animals otherwise unperturbed. We use the term "circadian-like" to describe oscillating patterns of expression that occur with a periodicity of ϳ24 h in the normal animal. The richness of our data set (54 animals killed across 18 time points), which is one of the salient features of this study, allowed us to apply a nonlinear fitting of a sinusoidal model to the expression data to identify these oscillations using the same filtering criteria used in our previous studies (59) . However, a limitation of this approach is that this model is designed to select expression patterns that exhibit a traditional sine-cosine oscillatory behavior and will not capture other cyclic patterns that potentially could occur in the data. Because our animals were maintained in regular 12:12-h light-dark cycles (as opposed to constant darkness or constant light) with food and water ad libitum, we cannot distinguish primary endogenous rhythms from those entrained by secondary exogenous factors such as food or light. An additional consideration in analyzing such oscillations in gene expression from organs such as lung is that it is possible that the expression of a gene in different cell types may differ (i.e., genes that are rhythmic in one cell type may not be rhythmic in another or may have a different phase). However, the richness of this data set allowed us to cluster circadian-like oscillations in the mRNA expression based on the similarity in their temporal expression using a QT algorithm. We identified 1,006 probe sets coding for 646 genes of known function (as some genes were represented by multiple probe sets and some probe sets corresponded to expressed sequence tags or genes of unknown functions) that showed oscillations in expression; these genes were further parsed into 8 distinct temporal clusters. One of the striking observations from the clustering analysis is that two-thirds of the genes showing circadian-like oscillations in lung expression peaked during the light/inactive period. This is in contrast to studies in all other tissues performed in nocturnal rodents from our laboratory and others, where more genes that showed circadian-like expression peak during the dark/active period (2-4,   59 ). In addition, most genes that peaked during the light period in lung did not show cyclic oscillations in expression in other peripheral tissues.
Studies of the central clock in the suprachiasmatic nuclei and peripheral clocks in other tissues showed that a number of transcription factors are involved in the maintenance and regulation of the clock. In this study, we demonstrate that the mRNA expression of six core clock genes (Bmal1, Npas2, Per1, Per2, Per3, and Cry1) shows circadian oscillations, which agrees with their expression in the central clock and peripheral clocks in other tissues (61) . Furthermore, nine clockrelated and clock-controlled transcription factors (Nr1d1, Nr1d2, Ror␣, Dbp, Nfil3, Tef, Hlf, Bhlhb2, and Bhlhb3) that are involved in the regulation of the molecular clock and the control of the circadian oscillations in the expression of the transcriptome also showed robust oscillations in expression in lung. Of these nine genes, the phases of the oscillations in the expression of seven are in agreement with other peripheral tissues. The exceptions were ROR␣ and Bhlhb2 (Dec1). Neither of these genes showed cyclic oscillations in white adipose, liver, and muscle tissue from the same animals; yet both genes showed robust circadian-like oscillations in expression in lung. This suggests that although most components of the molecular clock are conserved in lung, a few tissue-specific differences are also observed compared with other peripheral tissues. Apart from these transcription factors, the F-box protein Fbxl3, which is a component of the SKP1-CUL1-F-box-protein (SCF)-E3 ubiquitin ligase complex, also showed oscillations in its expression in lung (see Supplemental Fig. S1 ). Forward genetic approaches identified Fbxl3 as an important protein involved in posttranslational control of clock proteins (49) . Fbxl3 interacts with Cry proteins and leads to an increase in the proteasome-mediated degradation of the Cry proteins. Muta- tion in this gene was found to cause a longer circadian period (ϳ26 h) in mouse and results in global transcriptional repression of Per and Cry genes. It is interesting to observe that the expression of Fbxl3 peaked during the late light period, which is exactly opposite to Cry1 gene expression, which showed its nadir at the same time. The other component of the SCF complex, Cul1, also showed circadian-like oscillations in its expression in lung, with peak expression in the middle of the light period (see Supplemental Fig. S1 ).
Lung is one of the organs that constantly interacts with the environment and is highly exposed to foreign materials (45) . Hence, to maintain the normal functioning and homeostasis of the organ, constant repair and turnover of its components, ranging from extracellular and intracellular components to whole cells, are essential. Cyclic oscillations in the expression of genes associated with extracellular matrix, cytoskeleton, cell cycle, and apoptosis suggest that the repair and turnover of these different components in lung are directly or indirectly under the regulation of the molecular clock. Furthermore, many of the growth factor ligands and receptors that are involved in the direct regulation of these processes and the maintenance of the homeostasis in lung also showed circadianlike oscillations in expression. These growth factor ligands and receptors are directly involved in controlling cell growth, motility, angiogenesis, and tissue repair (12, 19, 32) . In addition to these functions, many of these proteins are also involved in regulating wound healing, extracellular matrix invasion, immune response, and production of inflammatory cytokines (21, 34, 64) . These processes, in turn, can regulate repair and turnover of different components of the organ (36, 53, 56) .
In addition to the cyclic oscillations in the above-mentioned components, many of the genes involved in processing of proteins, ranging from posttranslational modification (e.g., glycosylation and proteolytic modifications) to ubiquitin-mediated proteasomal degradation, also showed circadian-like oscillations in expression in lung (see Supplemental Table S2 ). Furthermore, genes that are involved in protein sorting and trafficking to different organelles and the cell surface, as well as secretion to the extracellular space and systemic circulation, also showed rhythmic expression in lung. Posttranslational modification of proteins, their degradation, and their transport are essential for the repair and turnover processes of different components of the organ; hence, 24-h rhythms in the expression of the genes involved in protein processing and trafficking processes further confirm that repair and turnover processes in lung are controlled and coordinated, directly or indirectly, by the endogenous clock, allowing for maximum efficiency in the functioning of lung (29, 50) . Another interesting observation is that most of the genes involved in all the above-mentioned processes mainly peaked during the light period, which is also the inactive period in these nocturnal rodents. This suggests that the repair and turnover processes mainly occur during the period when the organism is sleeping/inactive and, therefore, has lower pulmonary demands, as the organism's requirement for oxygen is at its minimum. Studies in humans show that pulmonary function and breathing show cyclic rhythms, with the nadir during the sleeping period (1, 54, 55) .
The 24-h oscillations in the expression of genes involved in the regulation of other aspects of lung function were also observed in this analysis. Genes coding for inflammatory molecules, including chemokine ligands (Cx3cl1, Cxcl3, and Cxcl12), tumor necrosis factor ligand member 10 (Tnfsf10), and others, showed circadian-like oscillations in expression in lung, suggesting that the molecular clock could directly or indirectly regulate the immune response in the organ. Lung has a very well-developed innate immune system, as it is constantly exposed to pathogenic microorganisms, viruses, and other foreign materials (8, 45) . Apart from the resident alveolar macrophages, dendritic cells, and mast cells in the organ, granulocytes, such as eosinophils and neutrophils, can also migrate into lung from the systemic circulation if necessary, and these cell types largely contribute to the inflammatory and immune-regulating molecules produced by the organ (7, 60) . Furthermore, genes that are involved in the metabolism of xenobiotics also showed circadian-like oscillations in expression in lung (Table 4 , Fig. 6 ). The entry of xenobiotics into the organism is mainly through the breathing process, which is more active during the dark/active period, or through ingestion, which also occurs mostly during the dark/active period in nocturnal rodents. Liver, which receives blood through the hepatic portal vein, is the organ that predominantly encounters and metabolizes xenobiotics, which gain entry through ingestion, while the lung predominantly encounters and metabolizes airborne xenobiotics (52) . It is interesting to note that cyclic expression of most of these genes coding for metabolizing enzymes in lungs peaked during the dark/active period, as the probability of entry of these agents is higher during the active period. For example, Cyp2a3, which is a cytochrome P-450 enzyme that is predominantly expressed in lung, peaked during the early dark period and is involved in the metabolism of many airborne carcinogens and xenobiotics, including compounds produced by tobacco smoking (e.g., nicotine and nitrosoamine compounds) (27, 62) . Similarly, the phase 2 metabolizing enzyme Sult1a1, which peaked in the middle of the dark period, is also involved in the metabolism of cigarette smoke toxicants (67) .
Along with liver, lung plays an important role in the metabolism of drugs, both inhaled drugs and those from the systemic circulation, and, hence, can affect their pharmacokinetics (6) . The same enzyme systems that are involved in metabolizing endogenous compounds and xenobiotics are also involved in metabolizing therapeutic drugs. Studies have shown that the pharmacokinetics of some drugs used for treating diseases including asthma, lung cancer, and many others show circadian-like variations based on the time of dosing, which could partially be affected by the oscillations in the metabolism of drugs (31) . Pharmacokinetics and the subsequent action of a drug are not just affected by metabolism, but also by the absorption, transport, and distribution of drugs between different components of an organ (58) . Proteins from the solute carrier family play an important role in these processes, and many of these proteins show circadian-like oscillations in their mRNA expression in lung (Table 4; see Supplemental Table  S2 ). For example, ipratropium and tiotropium are anticholinergic drugs used for the treatment of pulmonary diseases such as asthma and COPD (38) . Absorption of these drugs after inhalation occurs through the solute carrier protein coded by Slc22a5 (Octn2), which showed cyclic oscillations in expression in lung (Table 4 ; see Supplemental Fig. S2 ), suggesting that the absorption rate of these drugs could vary depending on the time of dosing. Apart from genes coding for metabolizing enzymes and transporters, biomarkers that are used for tissue-specific targeting of therapeutic drugs also showed circadianlike oscillations in expression. For example, preclinical studies have shown that aminopeptidase P, which is enriched in pulmonary vasculature, can be used as a target biomarker for tissue-specific delivery of imaging agents and drugs for treating diseases such as lung cancer, lung fibrosis, and pulmonary hypertension (11) . Similarly, Pdgfrb can be targeted for the delivery of anticancer agents, specifically to tumor stromal cells to increase efficacy, and at the same time to decrease systemic toxicity (42) . Both of these proteins show 24-h cyclic oscillations in their mRNA expression; hence, the efficiency of targeting could depend on the dosing time.
In this study, rhythmic oscillations were observed in the mRNA expression of glucocorticoid receptor, which was further confirmed by quantitative PCR. It is interesting to see two different time-dependent patterns in the expression of glucocorticoid receptor in different peripheral tissues, with expression peaking at ZT 4 in lung and skeletal muscle and at ZT 12 in white adipose tissue and liver from the same animals (22, 59, 66) . This later time corresponds to the peak in corticosterone concentrations in plasma (the endogenous glucocorticoid in rats) in these animals. This suggests that transcriptional regulation of glucocorticoid receptor is tissue-specific and that the cyclic expression could be negatively regulated by the oscillations in concentrations of its own ligand, corticosterone (as the nadir of the receptor expression occurs a few hours after the peak corticosterone), in lung and skeletal muscle, but not in liver and white adipose tissue. Furthermore, oscillations in the expression of glucocorticoid receptor in lung could affect the therapeutic efficacy of synthetic corticosteroids, which are widely used as treatment for asthma and other lung inflammation-related disorders (35) . The expression of the glucocorticoid-regulated gene for glutamine synthase peaked at the same time as expression of the corticosterone gene, suggesting that expression of glutamine synthase could be driven by oscillations in the concentrations of plasma corticosterone, as observed in skeletal muscle (66) .
The analysis of genes showing circadian-like oscillations in expression in lung and their association with the pathophysiology of lung diseases identified many genes that are biomarkers, potential therapeutic targets, or differentially regulated in many lung diseases. These genes are involved in regulating diverse functions and are classified across different functional categories (see Supplemental Table S2 ). It is not surprising that some of these genes, which are directly or indirectly involved in regulating immune responses, are associated with more than one lung disease. One common factor between many lung diseases, such as asthma, COPD, fibrosis, ALI, pneumonia, and endotoxemia, is excessive and uncontrolled inflammation and innate immune response. Furthermore, stimulation of immune response is also associated with invasion by foreign pathogens and, in a controlled manner, is required for elimination of pathogens. For example, chemokine ligand (CXCL12) levels are elevated and are involved in the pathogenesis of asthma and pulmonary fibrosis (39, 48, 57) . Similarly, chemokine ligand (CX3CL1) expression is not only elevated in cigarette smokeinduced emphysema but also during viral infection as part of normal immune response (24, 33) . Studies have shown that extracellular matrix plays an important role in the pathophysiology of many lung diseases, including asthma, COPD, fibrosis, and ALI, where changes in extracellular matrix turnover and its remodeling are evident in the diseased state (46, 53) . Furthermore, extracellular matrix can influence the recruitment, activation, and survival of immune cells, and in turn immune response and inflammation can influence the remodeling of extracellular matrix (15, 47) . In addition, many signaling molecules (such as the growth factors discussed previously) can regulate inflammation and extracellular matrix remodeling, and the complex interaction between all these processes results in the pathophysiology of lung diseases (12, 21) . This suggests that some of these signaling molecules will be of therapeutic importance as drugs and drug targets for treating lung diseases, and some preclinical and clinical studies show promising results (32) . For example, recombinant hepatocyte growth factor treatment attenuated allergic airway inflammation, recombinant Angpt1 treatment attenuated ALI, and recombinant Ctf1 treatment attenuated pulmonary hypertension in rodent models (30, 40, 41) . Similarly, some of the targets for agents to treat lung cancer that are currently in various stages of clinical development also show 24-h oscillations in expression in lung (Table 5) (9, 20, 65) . Circadian-like oscillations in expression of these potential therapeutic target genes should be taken into account to obtain optimal dosing times, to maximize efficacy, and, at the same time, to reduce side effects. Caution should be taken while translating gene expression data obtained from normal conditions to diseased states, since the pathophysiology of the disease might cause changes in the cyclic expression pattern of some of the asso- Fig. 9 . Summary of select physiological functions (A) and targets of drug action (B) in relation to circadian time. PH, pulmonary hypertension; NSCLC, non-small cell lung carcinoma; COPD, chronic obstructive pulmonary disorder; ALI, acute lung injury. ciated genes. Hence, characterizing the rhythmic expression of the gene of interest under disease states, along with normal conditions, will be helpful in understanding the causal relationship of the disease with circadian regulation and also in obtaining better insight into the optimal dosing time for the drugs targeting the disease.
In summary, this study provides a temporal and functional categorization of genes showing 24-h oscillations in expression in lung and its implication in the physiology and pathophysiology of this dynamic organ. A large number of genes showed cyclic expression in lung that adequately fit our model for circadian-like oscillations. Consistent with other peripheral tissues, the molecular clock machinery was conserved in lung. As summarized in Fig. 9 , analysis of diurnal-nocturnal gene expression suggests that repair and remodeling of the organ occurs primarily during the light/inactive period, when the animals are at rest, and metabolism of xenobiotic compounds occurs primarily during the dark period, when rats are active. Furthermore, many of the genes showing circadian-like oscillations in expression are drug targets and/or biomarkers involved in the pathogenesis of lung diseases. Figure 9 also presents some important drugs used for the treatment of lung diseases and the circadian timing in nocturnal animals at which the lung will be more susceptible to the action of these drugs based on the gene expression data. However, study of the oscillations in the protein concentrations and activity will be required to confirm the observations based on transcription profiling. The information obtained from rodent models may serve as a starting point for designing studies in humans to exploit the knowledge of chronopharmacology in maximizing efficacy and, at the same time, minimizing adverse effects for therapeutic drugs used for treating lung diseases.
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